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Abstract
To achieve both water conservation and climate change mitigation benefits, photovoltaic water pumping (PVWP)
system, which employs solar energy to fuel the water pumping system, has been a widely adopted solar energy
technology in the last two decades. Although the PVWP system is driven by direct renewable flux, and has no onsite
CO2 emissions, there must be energy consumed during the production of PV modules and the operation of water
pumping system. Thus, we estimated the CO2 emissions of a PVWP system in Inner Mongolia, China in a life cycle
perspective. A hybrid Life Cycle Analysis (LCA), which combines process-sum and economic input-out analysis was
employed to reduce uncertainty. Results show that PVWP is a good choice for carbon emission reduction with carbon
sequestration benefit much higher than the lifetime carbon emissions. The largest emitters are PV module and
engineering, which should be the focus of carbon management of PVWP system.
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1. Introduction
Water pumping system that lifts water from groundwater reservoirs or rivers is an important device for
irrigation in agricultural production. However, as most remote areas are beyond reach of the national grid,
electricity used to operate the pump is inaccessible. Accompanied by growing concerns on energy saving
and climate change, photovoltaic water pumping (PVWP), which employs solar energy to fuel the water
pumping, has been a widely adopted solar energy technology in the last two decades [1].
In an environmental perspective, a PV system, which uses solar resources, is much cleaner compared
with diesel generators and other fossil fuel alternatives. Using PV to substitute diesel and fuel the water
pumping system may reduce fossil energy use. As a result, greenhouse gas emissions derived from fossil
fuel consumption will also be reduced. Also, the increase of the agricultural or grass output with the use of
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PVWP system can enlarge the carbon sink. However, in a life cycle perspective, there are embodied CO2
emissions associated with it. Before large scale promotion, the tradeoff of CO2 emissions and mitigation
benefits should be made.
LCA is a tool to assess the potential environmental impacts and resources used throughout a product’s
lifecycle [2]. Two approaches are available in quantifying the environmental impacts of a product, i.e., the
process-based and environmental input-output based LCA (EIO-LCA). However, there is a cut-off criteria
in process based LCA, which neglects the parts that are considered unimportant to the results. For EIO-
LCA, the accuracy of results may be decreased due to the uncertainty generated in sectoral aggregation
[3]. To overcome the deficiencies of these two methods, Hybrid LCA, initially proposed by Carnegie
Mellon University, was recommended as the state of art LCA [4].
This paper aims to systematically evaluate the carbon emission performance of a PVWP system in
Inner Mongolia, China. The rest of this paper is structured as follows: Section 2 introduces the hybrid
LCA method. The main parameters of the PVWP system are described in Section 3. In Section 4, the
carbon emissions are reported and discussions focusing on the shortcomings are presented. Conclusions
are given in the final section.
2. Methodology
2.1. Hybrid LCA
Considering data availability of this research, the additive hybrid LCA will be conducted. The
calculation of CO2 emissions using hybrid LCA is shown in eq. (1).
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in which CT represents the total CO2 emissions from the PVWP system. The emissions in the lifetime of
the PV water pumping system consists of direct emissions from fossil fuel consumption (Cp), which is
calculated by process based LCA, and emissions quantified by EIO-LCA, which accounts for the indirect
emissions associated with resource and labor inputs during their production within the national economic
system (CEIO). Eq. (2) depicts the calculation of Cp. Ei is the inventory data, i.e., the consumption of goods
or use of energy. i is different sources of CO2 emission,  	 
 can be found in IPCC [5].
The CEIO can be determined by multiplying the costs of inputs by the greenhouse gas emission
intensities of corresponding sectors. CEIO should be calculated based on the input-output table. By
multiplying CO2 emission intensity with the cumulative input coefficients matrix, the consumer-based
supply chain CO2 emission intensity of each sector is calculated. Consequently, the indirect emissions
generated in the supply chain are obtained and shown in Eq. (3):
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Where  
 is the inventory data in monetary unit; fi is the CO2 emission from direct energy consumption
in sector i divided by economic output of this sector.  
- 1I - A is the  Leontief inverse coefficient matrix.
2.2. Carbon sink
Water pumped from the underground is mainly used to irrigate the grassland, which can increase the
grass output. Restoration of degraded grasslands can increase the input of carbon to the soil by soil carbon
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sequestration and a potential carbon sink increase will be provided. The increased carbon sequestration in
the soil during a restoration period can be estimated using the Intergovernmental Panel on Climate
Change (IPCC) default values provided for different climates and soil types [5]. Reducing emissions from
fossil fuels by substitution of grid electricity can be achieved and the reduction can be calculated using the
combined margin approach, using the emission intensity of the operating electricity margin and the future,
build margin. This methodology is described in [6, 7].
3. Case study
A PV water pumping system consists of solar PV power generation module, inverter, AC pump system,
water well, reservoir, sprinkling/drip irrigation engineering, and supporting system. A PV system of 3.4
kWp (Inner Mongolia) is used, with a cost of 1.5 $/W. The costs of PV system, building and other
construction costs, and annual maintenance cost are derived from existing research [8]. The lifetimes of
the PV panels, AC Pump System, inverter, and the well are 20 years, 5 years, 10 years and 10 years,
respectively. Ground water level depth has been assumed, corresponding to a medium well depth of 30m.
4. Results and discussion
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Fig. 1. CO2 emissions from different phases Fig. 2. CO2 emissions from different components
The total CO2 emission is 20060.73 kg. Fig. 1 illustrates CO2 emission in different phases of the PVWP
system’s lifetime. Because of installation and use of steel and other energy-intensive materials, the
construction phase makes up the largest proportion of CO2 emission. The operational phase is the second
largest contributor of CO2 emission. In the operation phase, CO2 emissions are mainly derived from
replacement (Fig. 2). Transportation makes up the smallest proportion by direct diesel consumption.
CO2 emission from different inputs is depicted in Fig.2. Emission from the PV module production
constitutes the largest proportion, at 43.54%. Engineering and planning, and the irrigation system, are
another two sources of CO2 emission due to use of steel and concrete with high CO2 emission intensities.
Emissions from fossil fuel consumption and direct water supply constitute 3.33% and 0.06% of total
emissions, respectively. Thus, direct CO2 emitted on site of the PVWP system only a very small fraction.
The total amount of carbon sequestered is the difference between the restoration and the baseline
scenario. This would give a total soil carbon sequestration of 104 Mg C ha-1. However, the increased
biomass decomposition could potentially lead to an N2O emission increase from the decomposition
process. This leakage of greenhouse gas emissions due to increased N2O emissions is estimated to 18 Mg
CO2-eq ha-1, assuming a very high grass production to be conservative.
Using a mobilized PV system that can be transported and connected to the grid to supply electricity, the
reduction of greenhouse gas emissions can decrease even more. The PV array is assumed to generate 990
kWh kWp-1 of excess electricity that cannot be used for pumping. This would substitute 3 365 kWh ha-1
of electricity from the grid. The combined margin for electricity generation in China is 931 g CO2-eq kWh-
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. This gives a total reduction of 3.1 Mg CO2 ha-1 yr-1. The total mitigation potential by irrigation of
grasslands is therefore: Total CO2 reduction = 104 + 63 – 18 – 20 = 129 Mg CO2 ha-1.
5. Conclusions
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From the CO2 emissions perspective, it is clear that PVWP is a good choice for carbon emission reduction
with carbon sequestration benefit much higher than the lifetime carbon emissions. To achieve the largest
global warming mitigation potential, the system should be used to irrigate severely degraded grasslands
and during the winter it should be used to supply the grid with electricity. However, invisible CO2
emissions should not be neglected for the PVWP system. The LCA results indicate that material input is
the component that most affects the environment. It is promising to look more closely into means of
material recycling and reusing building materials, which can greatly contribute to emissions reductions.
The overall performance of the system makes it suitable for the carbon offset market, creating carbon
credits as a way to finance the restoration of degraded grasslands with PVWP system.
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